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ApoptosisIn tetrapods, the anteroposterior (AP) patterning of the limb is under the control of the antagonistic activities
of the secreted factor Sonic hedgehog (Shh) and Gli3R, the truncated repressor form of the transcription
factor Gli3. In this report, we show that Msx1 and Msx2 are targets and downstream effectors of Gli3R.
Consequently, in Shh null mutants, Msx genes are overexpressed and, furthermore, partially responsible for
the limb phenotype. This is exempliﬁed by the fact that reducing Msx activity in Shh mutants partially
restores a normal limb development. Finally, we show that the main action of the Msx genes, in both normal
and Shh−/− limb development, is to control cell death in the mesenchyme. We propose that, in the limb,Msx
genes act downstream of the Shh/Gli3 pathway by transducing BMP signaling and that, in the absence of Shh
signaling, their deregulation contributes to the extensive apoptosis that impairs limb development.
© 2009 Elsevier Inc. All rights reserved.Introduction
In amniotes, anteroposterior (AP) development of the limb is
controlled by a small posterior domain of the limbmesenchyme called
the zone of polarizing activity (ZPA). Its action is mediated by the
secreted factor Sonic hedgehog (Shh) (Echelard et al., 1993; Riddle
et al., 1993). The pivotal role of Shh in AP limb patterning is
exempliﬁed by the analysis of the Shh−/− null mutant. In this mutant,
distal limb development is severely impaired and all posterior
structures of both the zeugopod (intermediate elements giving rise
to the radius and ulna in the forelimb, and the tibia and ﬁbula in the
hindlimb) and the autopod (distal elements giving rise to the wrist
and the ﬁngers in the forelimb, and the ankle and toes in the
hindlimb) are missing or severely disﬁgured. At the molecular level,
the main role of Shh during limb development is to counteract the
activity of the transcription factor Gli3 and, in particular, of the
truncated form of the Gli3 protein, Gli3R, that acts as a transcriptional
repressor. First, Shh signaling represses Gli3 transcription, such that
Gli3 mRNA is transcribed according to a gradient that increases from
the posterior (little ﬁnger or digit 5) to the anterior (thumb/big toe or
digit 1). Second, Shh is necessary to prevent the post-transcriptional
proteolysis of the full-length Gli3 protein (Gli3FL) into its truncated
form (Gli3R) (Wang et al., 2000). The primary importance of Gli3l rights reserved.downstream of Shh signaling in limb AP patterning has been assessed
by studies of genetic interactions between the two genes. Contrary to
the Shh−/− null mutant, the Gli3−/− null mutant displays overgrowth
of the autopod leading to polydactyly (up to eight digits). Strikingly,
disruption of one or both Gli3 alleles in mice lacking Shh signaling
restores limb distal development and digit formation in a dosage-
dependent manner (Litingtung et al., 2002; te Welscher et al., 2002).
More recently, it has been shown that replacing a singlewild-type Gli3
allele by amutant allele producing only the Gli3FL protein also rescues
the Shh null mutant limb phenotype to a great extent (Wang et al.,
2007). All these results indicate that the main role of Shh during limb
development is to counteract Gli3R activity. Nevertheless, while the
mechanism allowing Shh to modulate Gli3 activity is well documen-
ted, the downstream targets of the Shh/Gli3 pathway have only been
partially identiﬁed. Due to their involvement in AP limb patterning
(Lallemand et al., 2005), Msx genes, which encode homeodomain-
containing proteins, might be such targets. In the mouse, the Msx
family comprises three members: Msx1, Msx2 and Msx3. Whereas
Msx3 expression is conﬁned to the neural tube, Msx1 and Msx2 are
widely expressed especially at sites of development that depend on
ectoderm-mesoderm interactions (Alappat et al., 2003; Bendall and
Abate-Shen, 2000). Since their discovery, Msx1 and Msx2 have been
proposed to play a role in limb development as they are expressed
from the onset of limb bud outgrowth in both ectoderm and
mesoderm (Davidson et al., 1991; Robert et al., 1991). Due to the
redundancy between the two genes, neither Msx1 nor Msx2 null
mutants exhibit a limb phenotype. However, the limbs of the double
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(Lallemand et al., 2005). In particular, limb development is impaired
along the AP axis, suggesting that Msx genes are involved in the
genetic cascade controlling patterning along this axis. In these
mutants however, the complexity of the limb phenotype makes the
analysis of the precise role of the Msx genes in AP morphogenesis
difﬁcult. During the early stages of limb development (9.0–10.5 dpc),
the absence of Msx activity leads to agenesis of the anterior region of
the AER and, as a consequence, of the underlying mesenchyme
including the digit 1 territory. Thus, the AP morphology of the limb is
modiﬁed in a way that precludes further analysis. As an example, the
use of genetic markers expressed in a polarized manner along the AP
axis becomes uninformative, because either the regionwhere they are
normally expressed is missing (e.g. Pax9) or, on the contrary, only
posterior tissues where they are highly expressed remain (e.g. Hoxd11,
Hoxd12). Similarly, apoptosis, which is particularly important in the
anterior region at later stages (Fernández-Terán et al., 2006), cannot
be studied in a limb bud that is truncated anteriorly.
We therefore relied on the analysis of gene interactions between
Shh, Gli3,Msx1 andMsx2 to get insight into the role ofMsx genes in AP
limb development. In this report, we show that Msx genes are targets
of Gli3R in the limb. They are further effectors for part of Gli3 function
and, in this process, are required for the extensive cell death that leads
to the deleterious Shhmutant limb phenotype. Indeed, removing Msx
functional alleles in the Shhmutant context, where all posterior digits
are lost, correlatively with extensive Gli3R formation, reduces
apoptosis and partially restores digit formation. Finally, we demon-
strate that a major function ofMsx genes in normal limb development
is to control cell death in the anterior apoptotic domain.
Materials and methods
Mouse strains and genotyping
Mouse strains and genotyping protocols have been described
previously (Blanc et al., 2002; Genestine et al., 2007; Houzelstein
et al., 1997; Lallemand et al., 2005). The null Shh mouse mutant strain
was obtained by crossing a conditional Shhmale mutant (Dassule et al.,
2000) with a female of the PGK-Cre deleter strain (Lallemand et al.,
1998). Genotyping of the Shh null mutants was performed by PCR using
the following primers: Shh-R: GAGAAGAGATCAAGGCAAGCT CTGGC;
Shh-Wt-F: ATG CTG GCT CGC CTG GCT GTG GAA GC; Shh-mut-F: AGA
AGC TGT GGG CTT TTC TGG CTC C. As Shh andMsx1 loci lie within 5 cM
on chromosome 5, in the ShhHx strain used in this work, the ShhHx
mutation (Blanc et al., 2002) and theMsx1lacZmutant allele (Houzelstein
et al., 1997) were associated by genetic crossing. ShhHx/+ embryos were
then identiﬁed by the presence of the Msx1 mutant allele. To associate
Msx and Shh mutations, recombinant Shh;Msx1 double heterozygotes
carrying the two mutations on the same chromosome were produced
and subsequently mated with Msx2 heterozygotes to obtain Shh;Msx1;
Msx2 triple heterozygotes. Shh;Msx1;Msx2 compound and triple null
mutant embryos were then obtained by intercrossing Shh;Msx1;Msx2
triple heterozygotes. All strains were maintained in an outbred NMRI
genetic background.
In situ hybridization, cell death analysis and skeleton preparation
In situ hybridization and skeleton preparations were performed as
previously described (Lallemand et al., 2005). RNA probes were
generated from the following DNA fragments: Fgf8 was a complete
cDNA sequence obtained by PCR; Msx1 and Msx2 were partial cDNAs
corresponding to the coding sequence of the ﬁrst exon of the
respective gene. It should be noted that, in the ShhHx;Msx1lacZ
recombinant strain, the fusion Msx1-lacZ RNA and the wild-type
RNAwere similarly detected by theMsx1 probe. Bmp4 was a gift fromB. Hogan, Hoxd11 and Hoxd13 from P. Dollé, Grem1 from R. Zeller, Pax9
from R. Balling and Sox9 from U. Rüther.
Cell death analysis was performed using an anti-active caspase3
antibody (BD Pharmingen) according to the manufacturer's protocol.
In all experiments, at least two embryos of each genotype were
analysed. For cell death analysis, fore- and hindlimbs from each side
were sectioned and all sections were analysed.
Western blotting
Proteins extracts were from whole limb buds (both fore- or
hindlimbs of a single embryo of each phenotype for one experiment)
or anterior and posterior halves of limb buds of 11.5 dpc old embryos
(six halves of fore- or hindlimbs pulled together). Fore- and hindlimbs
were analysed separately. Each experiment was carried out with one
embryo of each genotype and done in duplicate.
Tissues were homogenized with protease inhibitors and boiled. An
aliquot of each sample was used for protein quantiﬁcation (Bradford
test). Equivalent amounts of proteins (10 μg) were subjected to SDS-
PAGE on a 7% Tris–HCl gel and proteins were transferred to a
nitrocellulose membrane which was incubated with rabbit polyclonal
anti-Gli3 antibody (1:100; Santa Cruz Biotechnology, ref: sc-20688).
After incubation with an HRP-conjugated anti-rabbit IgG secondary
antibody (1:10,000; Pierce Biotechnology, ref: 31402), the signal was
detected using SuperSignal® West Pico chemiluminescent substrate
(Pierce) and Amersham Hyperﬁlm ECL.
β-galactosidase staining
This was performed as previously described (Houzelstein et al.,
1997). To enhance contrast between high and low LacZ-expressing
regions, embryos were ﬁxed at least 2 h and stained at 4 °C to slow
down staining apparition. Staining was regularly controlled and
stopped before saturation. To minimize variations of Msx1lacZ expres-
sion due to development stage variations, only Msx1lacZ and ShhHx;
Msx1lacZ embryos from the same litter were compared. These litters
were obtained by crossing Msx1lacZ females with ShhHx;Msx1lacZ
males. Embryos homozygous for the Msx1lacZ were discarded.
Results
In the limb, Msx gene expression correlates anteriorly with Gli3R level
Shh exerts a repressive activity both on Gli3 transcription and on
the proteolysis of Gli3FL into Gli3R. As a consequence, the anterior-
most region of the limb bud, corresponding to the presumptive
territory of digit 1 (thumb or big toe), is characterized by the highest
expression level of Gli3 transcripts and the highest Gli3R:Gli3FL ratio
(Wang et al., 2000). In the Msx1−/−;Msx2−/− double homozygous
mutant, the main abnormalities along the AP axis are conﬁned to the
anterior-most region (Lallemand et al., 2005), suggesting a correlation
between Gli3R concentration and Msx activity. To check this
hypothesis, we ﬁrst analyzed Msx1 and Msx2 expression in different
mouse mutant strains inwhich the Shh/Gli3 cascade is affected (Fig. 1
and Supplementary Fig. S1). In Gli3−/− embryos, both Msx genes
were downregulated (Fig. 1A–D and Supplementary Fig. S1) but,
whereas almost no Msx2 transcripts could be detected in an anterior
domain of the limb bud of the mutant (Fig. 1C, D), downregulation of
Msx1 was less striking, consisting in a reduction of the expression
domain at the level of the presumptive digit 1 territory (Fig. 1A, B). In
both cases, however, the apical and posterior domains were not
affected. Thus, the absence of Gli3 affectsMsx gene expression only in
a regionwhere the Gli3R form is predominant. Similarly, in Hemimelic
extra-toes (ShhHx) heterozygous mutants, where Shh is expressed
ectopically anteriorly (Blanc et al., 2002) and prevents Gli3FL
processing into Gli3R (our unpublished results), Msx1 expression is
Fig. 1. In the limb, Msx genes are targets of Gli3R. (A–D) In Gli3−/− mutants, the expression of both Msx genes is reduced in an anterior domain. This reduction is limited for Msx1
(boxes in A and B) and more extensive forMsx2 (boxes in C and D). (E–H) In the anterior-most region of the ShhHx/+ mutant limb mesenchyme, where Shh is ectopically expressed,
Msx1 expression is reduced (boxes in E and F) and Msx2 expression is barely detectable (boxes in G and H). (I–L) In Shh−/− mutants, Msx1 and Msx2 expression levels are
signiﬁcantly higher than in the controls. Arrows indicate the central domain of the limb bud where expression of Msx1 or Msx2 is low in wild-type embryos (I and K) but higher in
mutants (J and L). (M–N) In Shh−/−;Gli3−/− double mutants, Msx1 expression is identical to what is observed in the single Gli3−/− mutant, with a slight anterior downregulation
compared to the control (boxes in M and N). (O–P)Whole-mount β-galactosidase staining reveals a polarized expression proﬁle for theMsx1LacZ knock-in reporter gene (O) which is
clearly downregulated anteriorly in the ShhHx/+;Msx1LacZ mutant (P). All specimens are forelimbs viewed from their dorsal side. Stage of the embryos in days post-coitum (dpc) is
speciﬁed for each row of panels.
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domain (Fig. 1E–H and Supplementary Fig. S1). We further took
advantage of anMsx1LacZ knock-in mutation (Houzelstein et al., 1997)
to reveal Msx1 expression using X-Gal staining in ShhHx;Msx1LacZ
double heterozygotes, as compared to Msx1LacZ heterozygous litter-
mates (see Materials and methods). The sensitivity of β-galactosidase
detection permitted us to monitor Msx1 expression more quantita-
tively, taking advantage of staining kinetics (see Materials and
methods). This way, we observed Msx1 expression to be more
polarized than observed by in situ hybridization, with an expression
domain much stronger anteriorly (Fig. 1O). Additionally, we con-
ﬁrmed that Msx1 expression is speciﬁcally downregulated in part of
this anterior domain in the ShhHx mutant (Fig. 1O, P). Finally, the
importance of Gli3R for Msx gene expression was conﬁrmed by using
Shh null mutants. In these animals, the Gli3R level is high over the
whole limb bud mesenchyme whereas Gli3FL is almost undetectable
(Litingtung et al., 2002). In this context, both Msx genes were
upregulated and a strong signal was observed in the apical region of
the limb bud where these genes are normally weakly expressed (Fig.
1I–L and Supplementary Fig. S1). As the results were less striking for
Msx1 than for Msx2, we further analysed Msx1 expression in Shh;Gli3
double homozygous mutants, which demonstrated that, in the
absence of both Shh and Gli3, Msx1 expression is similar to what is
observed in the single Gli3mutant. Therefore, overexpression ofMsx1
in the Shh mutant is Gli3-dependant. Noticeably, whereas Gli3R is
present at a high level throughout the limb bud mesenchyme in this
mutant (Litingtung et al., 2002), Msx 1 and Msx2 expression domain
remains apical, implying that other factors are involved to limit Msx
gene expression to the subridge domain.These results demonstrate thatMsx gene expression in the anterior
mesenchyme correlates with Gli3R activity in both fore- (Fig. 1) and
hindlimbs (Supplementary Fig. S1). Nevertheless, whereas Msx2 is
clearly under the control of Gli3R in an anterior domain, Msx1
expression is only modulated and does not seem to depend
exclusively on Gli3R.
Disruption of Msx alleles in the Shh mutant partially restores distal limb
development and digit formation
To establish the physiological importance of the Msx genes as
targets of Gli3R, we investigated the genetic interactions between Shh
and Msx genes. Shh−/− mutants display severe limb malformations
affecting mainly the zeugopod and the autopod. In 18.5 dpc Shh null
mutants, the forelimb zeugopod is composed of a unique bone (most
likely the radius) and the autopod is reduced to a single cartilaginous
ray with no visible individualized phalanges (Chiang et al., 2001;
Kraus et al., 2001) (Fig. 2B, B'). The hindlimb phenotype is less severe.
In the zeugopod, the tibia and the ﬁbula both form, but they are almost
completely fused to each other (with the exception of the extremities)
and are grossly misshapen, which has been described as a “mush-
room-shaped” structure (Kraus et al., 2001) (Fig. 2E, E'). The autopod
single cartilaginous element displays the characteristics of a complete
digit 1 with a metatarsal and two phalanges separated by joints, and
bearing a nail distally (Fig. 2E' and Fig. S2A). This phenotype was
shown to be due to an excess of Gli3R since removing Gli3 functional
alleles in the Shh mutant background restores distal limb develop-
ment and digit formation in a dose-dependent manner (Litingtung
et al., 2002; te Welscher et al., 2002). We reasoned that, if Msx genes
Fig. 2. In the absence of Sonic hedgehog, reduction of Msx activity partially rescues normal limb development. (A–F) Limb skeleton preparations at 18.5 dpc of control (A,D), Shh−/−
(B,E) or Shh−/−; Msx1−/−; Msx2+/− (C,F) embryos. (A–C) Forelimbs. (D–F) Hindlimbs. (A'–F') Higher magniﬁcation of the zeugopods and autopods of the specimens shown in
(A–F), respectively. The anterior is to the left. (Aq–Fq) Schematic representation of the specimens shown in (A'–F') respectively. Data from the Shh mutants are interpreted as
proposed by previous studies (Chiang et al., 2001; Kraus et al., 2001). For the compoundmutants, the interpretation is based on our observations andmorphological analogy between
forelimbs of compound mutants, and hindlimbs of Shh homozygotes. c: carpal bone; Fe: femur; Fi: ﬁbula; H: humerus; mc: metacarpal bone; mt: metatarsal bone; p1-p2-p3: ﬁrst,
second and third phalanx; R: radius; T: tibia; t: tarsal bone; U: ulna. The digits are numbered from anterior (1) to posterior (5). In F', question marks indicate that no particular
identity could be attributed to the digits and the arrow points to the very thin space separating the tibia and the ﬁbula.
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tional alleles in a Shh mutant context should also rescue normal limb
development. We therefore produced compound Shh;Msx mutants
and analysed their limb phenotype at 18.5 dpc. At this stage, all the
different types of Shh;Msx compound mutants could be recovered
with the exception of triple homozygous null mutants (Shh−/−;
Msx1−/−;Msx2−/−). Limb skeletal analysis revealed that, whereas the
absence of Msx2 had no effect on the limb phenotype of Shh−/−
mutant embryos (Shh−/−; Msx2−/−: data not shown), the absence of
Msx1 led to a partial recovery of normal limb development
(Supplementary Table 1). The effect of the Msx1 mutation was
enhancedwhen combinedwith a singleMsx2 null allele (Fig. 2C, F and
Supplementary Table 1). The forelimb zeugopod of the Shh−/−;
Msx1−/−;Msx2+/− compound mutant also displayed a “mushroom-
shaped” morphology (Fig. 2C, C'), very similar to what is observed for
the Shh−/− hindlimb (Fig. 2E, E'). By analogy with what has been
described previously for the hindlimb (Kraus et al., 2001), we assume
that it is composed of a radius and an ulna fused together. This
structure is thus closer to a normal zeugopod structure than the
unique bone of the Shh mutant zeugopod (Fig. 2B, B'). Similarly, the
forelimb autopod of these mutants appeared better developed than
that of the Shh homozygous mutant, since it was composed of two
digit-like structures with two individual phalanges articulated on a
single metacarpal (Fig. 2C'). Nevertheless, external morphology
analysis did not reveal the presence of nails at the extremity of
those digits (data not shown). Thus, the development of the terminal
phalanges appears as incomplete in the compound mutant as in the
Shh mutant (Chiang et al., 2001). The rescue of limb development
was even more obvious in the hindlimb of the Shh−/−;Msx1−/−;
Msx2+/− compound mutants. In the zeugopod, instead of the
mushroom-shaped structure, two elongated bones were present.
They were generally only separated by a thin space (Fig. 2F, F') but, in
some cases, two completely individualized bones could be observed
(Supplementary Table 1). The hindlimb autopod of these compound
mutants was also more normal. It was generally composed of two
digits (Fig. 2F, F'), and in some cases three (Supplementary Table 1),
instead of the single one in the Shh null mutant (Fig. 2E, E'). Moreover,contrary to the forelimbs, the hindlimb digits displayed nails at their
extremities, indicating a complete development of the terminal
phalanges (Supplementary Fig. S2B).
Triple homozygotes (Shh−/−;Msx1−/−;Msx2−/−) do not survive
beyond 13.5 dpc, therefore skeletal analysis could not be performed
with alcian blue staining. We thus relied on the expression of Sox9, a
prechondrogenic cell marker (Akiyama et al., 2005), to reveal digit
anlagen in the autopod. The triple Shh−/−;Msx1−/−;Msx2−/−
homozygote displayed up to four digit condensations in the hind-
limbs, that were poorly developed (Fig. 3H and Supplementary
Fig. S3). Concerning the forelimbs, the results were less striking.
Nevertheless, although only a single element was visible in both
compound and triple homozygote mutants, its volume was two to
three times larger than that of the single cartilage primordium of the
Shh mutants (Fig. 3C,D). This might appear paradoxical as it is
generally assumed that the total number of digit condensations
depends on the total available mass of mesenchymal cells (Akiyama
et al., 2005, 2007; Wolpert et al., 1979) (reviewed in Mariani and
Martin, 2003). It can be explained by the fact that, in the Shh mutant,
while the hindlimbs possess a real digit displaying phalanges and a
nail at its extremity, the forelimbs display only a cartilaginous digit
ray (Chiang et al., 2001; Kraus et al., 2001). It seems that, with the
additional absence of Msx activity, the quantity of prechondrogenic
tissue necessary to form digits is increased in both fore- and
hindlimbs, but the capacity to transform this tissue into well-formed
digits is not restored in the forelimbs.
To rule out the possibility that Msx genes could act upstream of
Gli3R, thereby leading to the observed rescue by lowering Gli3R level,
we performed two complementary controls. We ﬁrst used whole-
mount in situ hybridization to compare Gli3 transcript accumulation
in the limb buds of control, Shh mutant and Shh;Msx1;Msx2 triple
mutant embryos. As shown in Fig. 3I and L, Gli3 transcripts are
normally concentrated in the anterior-most region of the mesench-
yme of both fore- (Fig. 3I) and hindlimbs (Fig. 3L). In the absence of
Shh signaling, this polarized pattern is lost and Gli3 transcripts can be
detected at a high level along the whole AP axis (Fig. 3J and M). This
upregulation of Gli3 is also observed in the absence of Msx activity
Fig. 3. Digit formation is partially rescued in triple Shh;Msx1;Msx2 homozygous null mutants. (A–H) Precartilaginous formations are visualized in 13.5 dpc embryos, using Sox9
expression. Arrowheads in G and H indicate the digit anlagen. (I–N) In situ hybridization analysis of Gli3 expression in the fore- (I–K) and hind- (L–N) limb buds of control (I and L),
Shh−/− (J and M) and Shh−/−;Msx1−/−;Msx2−/− (K and N) embryos at 11.5 dpc. (O) Western blot analysis of Gli3R protein level in E11.5 forelimb buds. An anti-N-terminal-Gli3
antibody was used. Lane 1: Shh−/− homozygous mutant (whole limb buds); lane 2: Shh−/−;Msx1−/−;Msx2−/− triple homozygous mutant (whole limb buds); Lane 3: control
embryo (whole limb buds); lane 4: anterior parts of control limb buds; lane 5: posterior parts of control limb buds. The proteolytically processed Gli3R isoform is indicated (black
triangle). The black arrow indicates a non speciﬁc band that is used as an internal loading control.
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Western blot analysis in the different mutants and control littermates
(Fig. 3O). This analysis conﬁrmed that, as previously described
(Litingtung et al., 2002; Wang et al., 2000), Gli3R accumulates in the
anterior half of normal limb buds (Fig. 3O, lane 4 and 5), and that, in
Shhmutant limb buds (Fig. 3O, lane 1), Gli3R levels are higher than inFig. 4. Extensive subapical apoptosis observed in the Shh−/−mutant depends onMsx activity
forelimb buds of 10.75 dpc embryos (A–D) and hindlimb buds of 11.25 dpc embryos (E–H). In
distal sub-AER mesenchymal region corresponding to intense cell death in the Shh homozyg
indicate the anterior-distal sub-AER mesenchymal region corresponding to intense cell death
mutants.controls (Fig. 3O, lane 3) and similar to Gli3R levels in the anterior half
of normal limb buds (Fig. 3O, lane 4). It showed also that Gli3R levels
were comparable in Shh−/− and Shh−/−;Msx1−/−;Msx2−/−mutant
limb buds (Fig. 3O, compare lanes 1 and 2). Thus, loss of Msx activity
in a Shh−/− genetic background does not rescue the limb phenotype
by lowering Gli3R concentration.. (A–H) Immunoﬂuorescencewith an anti-active Caspase3 antibody reveals cell death in
all panels dashed lines outline the limit of limb bud sections. In B–D, boxes indicate the
ote (B) and low cell death in compound (C) and triple (D) mutants. In F–H, arrowheads
in the Shh homozygote (F) which is abolished in the compound (G) and the triple (H)
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mutant limb
It has been proposed that excessive apoptosis is a major cause
for the abnormal phenotype of the Shh mutant (Chiang et al., 2001;
te Welscher et al., 2002). Indeed, cell survival is improved in a Gli3
dose-dependentmanner in the Shh;Gli3 compoundmutant.Wechecked
for a possible role of the Msx genes in this phenomenon by analyzing
Caspase3 activity in forelimb buds at 10.75 dpc. Compared to the control
(Fig. 4A), cell death in the Shh homozygous mutant increased
considerably along the whole proximodistal axis in the central region
of the limb bud (Fig. 4B). When Msx activity was reduced (Shh−/−;
Msx1−/−; Msx2+/−: Fig. 4C) or null (Shh−/−; Msx1−/−; Msx2−/−: Fig.
4D), cell death remained evident in the proximal mesenchyme but
was almost absent from the region underlying the AER. This region
corresponds to the domain of Msx overexpression in the Shh mutant
limb (Fig.1I–L; see alsoDiscussion). Similar resultswere observed in the
hindlimbs at a comparable stage (11.25 dpc) (Fig. 4E–H) except that, in
this case, the apical region of intense cell death was more polarized
anteriorly. Therefore, in the Shh null mutant,Msx genes are required for
excess cell death speciﬁcally in the distal-most region of the limb bud.
Msx genes within the Shh/Gli3 pathway
To specify the position of Msx genes within the Shh/Gli3 network,
Shh and Shh;Msx compoundmutants were analyzed for the expressionFig. 5. Effect ofMsx gene dosage, in the Shh−/− context, on the expression of genes involved i
at 11.5 dpc except for Bmp4 and Alx4 (B and E respectively, 10.75 dpc). (A–G) All panels are d
the left. In H the specimens are the same as in G but viewed from the apical side to better
controls, are represented at a slightly higher magniﬁcation for easier comparison, except in
correct comparison of the AER width between the different specimens.of several genes known to act downstream of Gli3R during limb
development. Grem1 encodes a BMP inhibitory protein essential for
correct limb development (Khokha et al., 2003). Furthermore, it is an
early transcriptional target of Shh signaling in the posterior limb bud
(Panman et al., 2006). Accordingly, it is downregulated in the Shh−/−
mutant (Zuniga et al., 1999). In the triple Shh−/−;Msx1−/−;Msx2−/−
homozygotes, Grem1 expressionwas not recovered (Fig. 5A), contrary
to what is observed in the Shh−/−;Gli3−/− double mutant (Litingtung
et al., 2002; te Welscher et al., 2002). This observation suggests that
Msx genes act downstream of the Grem1/BMP pathway. We thus
analysed the expression of Bmp4. It has been reported (Chiang et al.,
2001) that, in 10.5 dpc Shh−/− embryos, Bmp4 transcripts show a
distribution similar to that of wild-type, but at reduced levels. Our
results were slightly different. At 10.75 dpc, we observed that Bmp4
expression is comparable to that of the control, but not as polarized
(Fig. 5B). In addition, we did not observe any signiﬁcant modiﬁcation
of Bmp4 expression in the triple Shh−/−;Msx1−/−;Msx2−/− mutant
as compared to the Shh−/−mutant (Fig. 5B). Bmp2, another Bmp gene
involved in limb development, was also not affected in the triple
homozygote as compared to the Shh−/− homozygous mutant (data
not shown).
Another set of genes, the 5' Hoxd complex genes Hoxd13, Hoxd12
and Hoxd11, are downregulated at 11.5 dpc in the Shh homozygotes.
Their expression was not recovered in the triple Shh−/−;Msx1−/−;
Msx2−/− mutant (Fig. 5C, D and data not shown). Neither was the
expression of Hand2, another gene expressed posteriorly in then the Shh/Gli3 pathway during limb development. (A–H) All specimens were recovered
orsal views of limb buds oriented with the distal part to the top and the anterior side to
visualize the AER. In all panels, mutant specimens, that are normally smaller than the
H where proportions have been conserved between mutants and controls to permit a
Fig. 6. In the hindlimb, reduced Msx activity in Msx1−/−;Msx2+/− compound mutants
leads to a reduction in cell death in the anterior region corresponding to the digit 1
presumptive domain. (A,B) At 13.5 dpc, Sox9 in situ hybridization reveals the abnormal
length of the anterior-most digit (digit 1) in the compound Msx mutant (brackets). (C,
D) At 18.5 dpc, the mutant digit 1 (big toe) displays three phalanges (P1–P3) instead of
two. In some cases, a small supplementary cartilaginous nubbin is observed at the
internal face of the metatarsal 1 (arrow in D). (E,F) At 11.5 dpc, Caspase 3 analysis
reveals that the anterior cell death domain (dashed box) normally observed in the
hindlimb at this stage (E) is almost completely absent in theMsx1−/−;Msx2+/−mutant
(F), while the central one is maintained. In all panels anterior is to the left. Digits are
numbered from anterior (1) to posterior (5). P1–P3: phalange 1 to 3. m: metatarsal.
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shown). We may therefore conclude that posterior identity is not
restored in the mesenchyme of the triple homozygote.
We thus analyzed the expression of two anterior-speciﬁc genetic
markers, Alx4 (Fig. 5E) and Pax9 (Fig. 5F). Alx4 marks the anterior
third of the limb mesenchyme at 10.5 dpc (Fig. 5E). As previously
described (Kuijper et al., 2005), Alx4 was upregulated posteriorly in
the Shh−/−mutant (Fig. 5E), which is consistent with the observation
that the only developing digit has a digit-one identity (Chiang et al.,
2001). In the Shh−/−;Msx1−/−;Msx2+/− and the Shh−/−;Msx1−/−;
Msx2−/− embryos (Fig. 5E), Alx4 remains upregulated, suggesting
that in these mutants the rescued digits also have an anterior identity.
Pax9 is ﬁrst expressed at 11.5 dpc, in a restricted anterior region
corresponding to the presumptive domain of digit one (Fig. 5F)
(Neubuser et al., 1995). In the Shh mutant limb bud, Pax9 expression
expands posteriorly along a subapical domain adjacent to the one
where Msx genes are also upregulated in this mutant (Fig. 5F)(McGlinn et al., 2005). In contrast, it is only weakly expressed in the
forelimbs of the Shh−/−;Msx1−/−;Msx2+/− embryos and undetec-
table in their hindlimbs as well as in both fore- and hindlimbs of the
triple homozygotes (Fig. 5F). This suggests that, in contrast to Alx4,
Pax9 is under the control of Msx genes (see Discussion).
AER activity is also dependent on Gli3R (Aoto et al., 2002). In the
Shh mutants, at 11.5 dpc, Fgf8 expression, a read-out of AER function,
is limited to a single posteriorly localized spot in the forelimb but only
slightly reduced in the hindlimb (Fig. 5G, H) (Kraus et al., 2001). In the
triple Shh;Msx1;Msx2 null homozygotes, normal Fgf8 expression was
recovered in both fore- and hindlimbs (Fig. 5G, H) and appears even
slightly stronger than in the Shh mutant. Conversely, Fgf4 expression
was not recovered by the elimination of Msx activity (data not
shown). These results conﬁrm thatMsx genes are required to mediate
the BMP-induced AER regression (Lallemand et al., 2005; Pizette et al.,
2001) but are not involved in the Shh/Fgf4 feedback loop (see also
Discussion).Role of Msx genes during normal AP patterning
The above results demonstrate the major implication ofMsx genes
in the induction of apoptosis distally, in the absence of Shh signaling.
We subsequently investigated whetherMsx genes fulﬁll a similar role
during normal limb development (i.e. when Shh signaling is normal).
Indeed, the pivotal role of Msx activity in apoptosis during limb
development was conﬁrmed by the study of the compoundMsx1−/−;
Msx2+/− mutants. These animals develop nearly normal limbs; in
particular, the AER forms along the whole distal mesenchyme (not
shown). However, they display a slight but reproducible anterior
deformation of the hindlimb bud from 11.5 dpc onward (while the
forelimbs are not affected) (data not shown). This phenomenon leads
to the formation of a longer digit 1 (Fig. 6A, B) that, at birth, possesses
three phalanges instead of two (Fig. 6C, D). At the stage when the
anterior overgrowth is conspicuous (11.5 dpc), the hindlimb bud
anterior mesenchyme is a region of prominent apoptosis (Fernández-
Terán et al., 2006), and therefore the phenotype of the Msx1−/−;
Msx2+/− mutants might be due to reduced apoptosis. Indeed, in 11.5
dpc control hindlimbs, Caspase3 activity analysis revealed a central
and an anterior region of conspicuous cell death, the latter
corresponding to the presumptive digit 1 territory (Fig. 6E). In the
Msx1−/−; Msx2+/− mutants, only the central apoptotic region could
be observed whereas very few Caspase3-positive cells were present
anteriorly (Fig. 6F). This shows thatMsx genes play a major role in the
control of apoptosis during normal limb development, speciﬁcally in
the anterior apoptotic zone.Discussion
Our work demonstrates that Msx gene expression in the anterior
limb mesenchyme correlates with Gli3R activity. Furthermore, it
shows that Msx function is required for part of the severe limb bud
abnormalities observed in the Shh null mutant, similarly to Gli3R
although to a much lesser extent (Litingtung et al., 2002; te Welscher
et al., 2002). This is demonstrated by the observation that Shh−/−;
Msx1−/−;Msx2−/− triple homozygousmutants display amore normal
limb development than the single Shh−/− homozygote. Gene
expression analysis indicates that this rescue is not achieved by the
restoration of a posterior identity, but rather by restoringmore normal
levels of apoptosis in the distal limb bud mesenchyme. This raises
three major issues. First, how are Msx genes regulated by Gli3R ?
Second, what is the importance ofMsx1 andMsx2 in apoptosis during
limb bud development in both Shh mutant and wild-type animals?
Third, what is the place of Msx genes in the Shh/Gli3 network
controlling AP patterning?
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The study of the double Msx1;Msx2 null mutants highlighted the
involvement of Msx genes in limb anteroposterior development
(Lallemand et al., 2005). Our new data show that, in this process,
Msx genes act downstream of Gli3R, which is necessary for their
normal expression in an anterior region of the limb mesenchyme. It
has been shown previously that Gli3R may control AP limb develop-
ment by enhancing BMP signaling, mainly via its inhibitory action on
Grem1 (Zuniga et al., 1999) or even by a direct effect on Bmp4 (Bastida
et al., 2004). Msx1 and Msx2 have been shown to act either upstream
or downstream of BMP at several sites in the developing mouse
embryo. In the tooth bud, Msx1 expression is ﬁrst induced in the
mesenchyme by BMP signals emanating from the ectoderm, and, in
turn, Msx1 activates Bmp4 expression in the mesenchyme (Chen et al.,
1996; Zhang et al., 2002). During palate development, Msx1 activity is
required upstream of BMP signaling, sinceMsx1 null mutants exhibit a
cleft palate that can be rescued by forced expression of Bmp4 via a
speciﬁc transgene. In the limb bud, several lines of evidence suggest
that Msx genes act downstream of BMP signaling. First, Bmp4
expression is barely affected by removing Msx functional alleles in
the Shh−/− context (Fig. 5B). Conversely, increasing BMP signaling
enhances Msx gene expression. Grem1 is an extracellular inhibitor of
Bmp4 that plays a primordial role in limb patterning (Khokha et al.,
2003; Zuniga et al., 1999). In the Grem1 null mutant, in which the
general BMP signaling activity is increased in the mesenchyme, both
Msx1 and Msx2 are overexpressed. Noticeably, a very similar increase
is observed in the Shh null mutant (i.e. in the central distal
mesenchyme underlying the AER; compare Fig. 4e–h of Khokha
et al., 2003 and our own data in Supplementary Fig. S1I–L). This
suggests that the absence of Shh signaling provokes Msx gene
overexpression via the downregulation of Grem1 expression and the
subsequent increase in BMP activity. Conversely, Grem1 expression
expands anteriorly in the Gli3 mutant (Aoto et al., 2002), thereby
lowering BMP activity, which would explain the downregulation of
Msx2 and, to a lesser extent, of Msx1 in an anterior domain when
Gli3R levels are reduced (Fig. 1A–H). Furthermore, Grem1 expression
is not modiﬁed up to 13.5 dpc in the Msx1;Msx2 double mutant
(Lallemand et al., 2005) and its downregulation in the Shh mutant is
not rescued in the triple Shh;Msx;Msx2 null mutant (Fig. 5A).
Therefore, Msx1 and Msx2 do not act upstream of Grem1. Noticeably,
the effect of Grem1 takes place distally from its expression domain,
suggesting that Grem1 diffuses to some distance to inhibit Bmp
proteins. We thus propose that Shh controls Msx activity via Gli3R and
Grem1, the latter modulating the BMP signal. This is consistent with
the fact that diminishing Gli3 (Johnson,1967), BMP (Dunn et al., 1997;
Ovchinnikov et al., 2006; Selever et al., 2004) or Msx (Fig. 6) activities
leads to a similar phenotype (i.e. an anterior overgrowth of the
footplate and a tendency to preaxial polydactyly). It also explains how
Msx genes are upregulated in the limb of the Shh mutant. Finally, it is
also consistent with the observation that eliminating Msx activity
restores AER activity in the forelimbs of Shh-deﬁcient embryos.
Indeed, Grem1 is required to establish a functional AER (Michos et al.,
2004) and a recent model (Verheyden and Sun, 2008) integrates
Grem1 in the Shh-Fgf interaction as a major regulator for both
formation and regression of the AER. Correlatively, reducing BMP
signaling leads to AER persistence (Selever et al., 2004). In the Shh
mutant forelimb, Grem1 is not expressed and AER-Fgf expression is
not maintained. This corresponds to the ﬁrst phase in the model
proposed by Verheyden and Sun,(2008) where Shh should initiate an
activation loop with AER-FGFs. This does not take place in the Shh
mutant where Grem1 is not activated, precluding the induction of
further regulatory loops. In the Shh/Msx triple homozygote, although
Grem1 expression is not restored, BMP signaling transduction to the
AER is impaired by the absence of Msx activity, as we previously
proposed (Lallemand et al., 2005), thus leading to a partial AER rescue.Nevertheless, the speciﬁc Shh/Fgf4 loop proposed in Verheyden and
Sun's model is not restored in the absence of Msx functional alleles.
However, we cannot rule out a more direct effect (i.e. not requiring
BMP signaling) of Gli3R on Msx genes in the anterior-most domain of
the mesenchyme. First, when Gli3R formation is experimentally
prevented,Msx genes are downregulated only anteriorly, where Gli3R
concentration is normally at its highest (as if a threshold of Gli3R was
required). It should also be noted that in conditional mutants of the
BMPR1A receptor, Msx genes are downregulated in their subapical
expression domain (further showing their responsiveness to BMP)
with the exception of the anterior-most region (Ovchinnikov et al.,
2006). Thus, in the normal context, Msx genes might be regulated by
Gli3R anteriorly and by BMP signaling in the rest of the limb.
Msx function in apoptosis
A series of in vitro and in ovo experiments have suggested that
Msxs activate apoptosis in different processes, particularly during
cavitation of ES cell-derived embryoid bodies (Marazzi et al., 1997)
or, in the case of Msx2, for the elimination of neural crest cells from
speciﬁc rhombomeres (Graham et al., 1993, 1994; Takahashi et al.,
1998). In the chick limb, it has been proposed that Msx genes play a
primary role in apoptosis activation leading to interdigital tissue
regression (Ganan et al., 1998). Indeed, in the mouse Msx1;Msx2
double mutant, in which all Msx activity is abolished, interdigital
webbing does not regress (Lallemand et al., 2005). But the issue is
controversial and other studies suggest that, in the mouse, there is
little correlation between Msx gene expression and programmed cell
death in the interdigital tissues (Guha et al., 2002; Salas-Vidal et al.,
2001). Similarly, recent data from the study of neural crest cell
survival in Msx1;Msx2 double mutant mouse embryos showed that
Msx1 and Msx2 are necessary for survival of cardiac and cranial
neural crest cells rather than for their apoptosis (Chen et al., 2007;
Ishii et al., 2005). The role of Msx genes in cell death and cell survival
is therefore complex and context dependent. Our results ﬁt well with
previous results (Ferrari et al., 1998), showing that ectopic expression
of Msx2 in posterior limb bud mesenchyme is sufﬁcient to promote
apoptosis, thereby suggesting that there is a direct correlation
between the level of Msx activity and the extent of apoptosis. First,
our analysis of the hindlimb phenotype of the Msx1−/−;Msx2+/−
compound mutant shows that Msx activity controls anterior
apoptosis during normal limb development. Second, in the Shh null
mutant limb bud, there is a partial overlap between the domain of
excessive apoptosis and the domain of overexpression of Msx genes.
Finally, reducing or diminishing Msx activity in the absence of Shh
signaling reduces apoptosis in the distal part of the mesenchyme, the
region corresponding to the enlarged expression domain of Msx1 and
Msx2 in the limb mesenchyme of the Shh homozygous mutant at the
same stage (compare Fig. 4A–D with Fig. 1I–L). Noticeably, as this
region underlies the AER, excessive cell death in the distal limb
mesenchyme of the Shh mutant might be due to the absence of Fgf8
in the AER, or the disappearance of the AER itself, since AER activity
has been shown to be necessary to prevent cell death in the
underlying mesenchyme via its FGF signaling potential (Rowe et al.,
1982; Sun et al., 2002). However, this is unlikely since, in the Shh;Msx
compound mutant embryos, we did not observe a strict correlation
between Fgf8 expression and apoptosis in the distal limb mesench-
yme (compare Fig. 4 and Fig. 5G, H). It is thus more likely that, in the
absence of Shh signaling, Msx genes control apoptosis directly in the
mesenchymal cells, probably via a cell autonomous mechanism. It
could be assumed that, during normal development, the mechanism
is the same.
Strikingly, whereas the expression domain of Msx genes, in wild-
type embryos, is continuous under the AER, with broad anterior and
posterior domains, apoptosis takes place only within the anterior
domain, i.e. where Gli3R concentration is highest. In the Shh mutant,
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subapical domain where Msx and Gli3R now accumulate. Noticeably,
apoptosis is also absent in the anterior mesenchyme of the Gli3 null
mutant (Aoto et al., 2002). Therefore, there seems to be a synergistic
requirement for Msx and Gli3R to induce apoptosis in the subridge
domain.Role of Msx genes in AP patterning
Whereas our results deﬁnitively establish the function of Msx
genes in regulating apoptosis anteriorly in the limb mesenchyme, the
involvement of these genes in the deﬁnition of digit identity is less
clear. Posterior markers like Hoxd genes or Hand2 are not reexpressed
in the absence of Msx activity, therefore the rescued digits cannot be
considered as posterior digits according to this criteria.
The results of the anterior markers studied, Alx4 and Pax9, are
more confusing. In the Shh−/− mutant, both genes are upregulated
and expressed throughout the limb bud mesenchyme (Kuijper et al.,
2005;McGlinn et al., 2005), conﬁrming that the single remaining digit
acquired an anterior identity. But the absence of Msx activity has a
totally different inﬂuence on each of these genes. At 10.5 dpc, Alx4 is
also overexpressed posteriorly in the Shh;Msx1;Msx2 triple homo-
zygous mutant. This suggests that the rescued digits adopt an anterior
identity. Nevertheless, at 11.5 dpc, Alx4 cannot be used as an anterior-
speciﬁc marker. At this stage, Pax9 appeared completely down-
regulated in the absence of Msx activity. This suggests thatMsx genes
control Pax9 expression, probably by an indirect mechanism since, in
the Shh mutant, Pax9 is upregulated in a domain slightly more
proximal than that of Msx genes. As mentioned in the introduction,
the complex phenotype of the Msx1;Msx2 double mutant precludes
analysis of the expression of Pax9 in the absence of Msx activity and
the presence of Shh signaling. Other experiments on Pax9 transcrip-
tional regulation will be necessary to clarify this point.
In addition, if Msx genes are, at least partially, responsible for the
reduction of the digit number in the Shhmutant, they do not seem to
be responsible for their incomplete development, particularly in the
forelimb. Indeed, in the Shh−/−;Msx1−/−;Msx2+/− compound
mutant, the digit-like structures visible in the forelimb do not possess
nails in contrast to what is observed in the hindlimbs. Similarly, in the
triple Shh−/−;Msx1−/−;Msx2−/− mutant hindlimb, the absence of
Msx activity leads to the appearance of additional, although
disﬁgured, digit anlagen, whereas in the forelimb, the rescue is
limited to an increase in the prechondrogenic (Sox9-positive) tissue.
This may correlate with the fact that, in the absence of Shh signaling,
the capacity to form a complete digit 1 is lost in the forelimbs whereas
it is maintained almost normally in the hindlimbs (Chiang et al., 2001;
Kraus et al., 2001).Msx genes are probably not involved in this part of
the phenotype, since diminishing or abolishing Msx activity rescues
only the capacity to produce prechondrogenic cells but not the
capacity to transform them into well-developed digits. Thus, the triple
homozygote, similar to the Shhmutant, develops digit anlagen only in
the hindlimbs. These digit anlagen further appear particularly ill-
developed, which can be explained by the fact thatMsx genes are also
necessary, after 12.5 dpc, for correct differentiation of the phalanges
(Lallemand et al., 2005).
Our results shed light on how Msx genes are involved in
morphogenesis. Their main role appears to be quantitative. They
moderate the development of the anterior-most mesenchymal
domain of the limb bud by controlling the extent of apoptosis, thus
preventing anterior polydactyly and contributing to give the thumb its
speciﬁc morphology. Such a role had already been suggested from the
anterior overgrowth of the limb mesenchyme that is observed in a
fraction of the Msx1−/−;Msx2−/− double homozygous mutants
(Lallemand et al., 2005). Thus, Msx genes are part of the genetic
cascade that limits the digit number of the mouse to ﬁve.Acknowledgments
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